The epigenetics of retinal development is a well-studied research field, which promises to bring a new level of understanding about the mechanisms of a variety of human retinal degenerative diseases and pinpoint new treatment approaches. The nuclear architecture of mouse retina is organized in two different patterns: conventional and inverted. Conventional pattern is universal where heterochromatin is localized to the periphery of the nucleus, while active euchromatin resides in the nuclear interior. In contrast, inverted nuclear pattern is unique to the adult rod photoreceptor cell nuclei where heterochromatin localizes to the nuclear center, and euchromatin resides in the nuclear periphery. DNA methylation is predominantly observed in chromocenters. DNA methylation is a dynamic covalent modification on the cytosine residues (5-methylcytosine, 5mC) of CpG dinucleotides that are enriched in the promoter regions of many genes. Three DNA methyltransferases (DNMT1, DNMT3A and DNMT3B) participate in methylation of DNA during development. Detecting 5mC with immunohistochemical techniques is very challenging, contributing to variability in results, as all DNA bases including 5mC modified bases are hidden within the double-stranded DNA helix. However, detailed delineation of 5mC distribution during development is very informative. Here, we describe a reproducible technique for robust immunohistochemical detection of 5mC and another epigenetic DNA marker 5-hydroxymethylcytosine (5hmC), which colocalizes with the "open", transcriptionally active chromatin in developing and postmitotic mouse retina.
Introduction
Epigenetic regulation of development and postmitotic homeostasis of mouse retina is an exciting area of research, which promises to bring a novel understanding of biological mechanisms controlling retinogenesis and cell fate determination, cell type-specific metabolic function as well as cell pathologies, cell death and regeneration 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 . Chromatin undergoes dynamic changes in development, as well as in response to variable external signals whether it is stress, metabolic or cell death stimuli 6, 14, 15, 16, 17, 18 . In mouse nuclei, chromatin is divided into active euchromatin and inactive heterochromatin 6, 19, 20 . In interphase nucleus, euchromatin resides in the inner region of the nucleus whereas heterochromatin lines the nuclear periphery and nucleolus. This pattern is called conventional and is highly conserved in eukaryotes. In contrast, rod nuclei in nocturnal animals such as mouse and rat have inverted pattern where the nucleus is occupied by the heterochromatin in the center surrounded by euchromatin forming the outermost shell 6, 18, 20 . At birth, rod nuclei have conventional nuclear architecture. Inversion of rod nuclei occurs during development by remodeling of conventional nuclear architecture. During this process, peripheral heterochromatin separates from the nuclear periphery and chromocenters fuse together to form a single chromocenter in the center of the nucleus 6, 18 . Genomic DNA methylation participates in controlling local chromatin conformation 21 . DNA methylation occurs at the 5' position of cytosine residues of CpG dinucleotides that are enriched in the promoter region of many genes in mouse genomes 22, 23, 24, 25, 26 as well as in intergenic and intron regions, which carry regulatory elements 27 . Methylation of CpG islands in proximal promoters 21, 24 and CpG sequences in gene enhancers 27, 28 is important in regulating the dynamic state of bivalent chromatin, containing many developmental genes/transcription factors playing important role in development, cancer and aging 29, 30, 31, 32, 33, 34 . Three DNA methyltransferases (DNMTs) participate in DNA methylation during mouse development 35 . All three DNMTs are expressed during mouse retinal development 36 and retina-specific changes in Dnmt genes impact retinal development 2, 7 . Hydroxymethylcytosine (5hmC) is the oxidative product of 5-methylcytosine (5mC) demethylation. The three TenEleven Translocation (TET) enzymes participate in 5mC demethylation 37, 38, 39 . Hydroxymethyl-C modification is enriched in promoters, gene bodies and intergenic genomic sequences within gene rich and actively transcribed regions 27, 40 .
There is a variety of described approaches for determining changing DNA methylation patterns in cells 41, 42, 43, 44, 45, 46 , some of them enabling quantifying global changes of DNA methylation while others focusing on precise changes in CpG-rich regions within promoters and enhancers. Methods for detecting and quantification of 5hmC were also reported 47 , including by immunohistochemistry 13 . However, this approach is prone to underestimating DNA methylation and hydroxymethylation changes due to technical difficulties, associated with detecting cytosine modifications in histological preparations. This is because the nonpolar DNA bases, including 5mC and 5hmC-modified cytosine, are hidden within the center of the double-stranded DNA helix 50 , and require unmasking. This is especially challenging in frozen histological preparations, which may rapidly lose informative organization of the original tissue when harsh treatment is applied.
The mouse retina is an excellent model to dissect the contribution of DNA methylation to neural development and postmitotic homeostasis. There are only 6 types of neurons (rod and cone photoreceptors, amacrine, bipolar, horizontal and ganglion cells), one glial cell type (Muller glia) and one neuroepithelial cell type (retinal pigment epithelium) 51 . Retinal cell types were reported to have distinct patterns of DNA methylation 18, 19 , which recently has been studied at single-base resolution 1, 5, 9, 12 . We recently reported immunohistochemistry application to delineating 5mC pattern of distribution within nuclei of retinal cells and changes in the nuclei of adult mouse retina, where all three DNA methyltransferases have been removed by conditional targeting 7 . Compared to a number of reports, where the presence of DNA methylation in retinal cells could be viewed only as a positive or negative signal in hypermethylated cells undergoing apoptosis, our approach enabled detecting specific chromatin arrangement within the retinal cell nuclei, which we and several groups reported and discussed earlier 5, 6, 7, 18, 19, 36, 52 . Here, we describe the immunohistochemical (IHC) technique of detecting 5mC and 5hmC in frozen paraformaldehyde-fixed histological sections in details as well as demonstrate the data, which we were able to reproduce from our original report
Representative Results
To determine the distribution of 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) during retinal development and in postmitotic retina, we immunostained C57BL/6J mouse retinal section from E16, P0, P15 and P90 with antibodies specific to 5mC and 5hmC.
At E16 the 5mC staining was strong in chromocenters of the cell nuclei while weak staining was observed in the whole cell nuclei (Figure 1a) . The 5hmC staining was confined to the cell nuclei and was absent from the chromocenters (Figure 1b) .
In P0 retina, the 5mC signal was localized to the chromocenters of the cell nuclei and nuclear periphery (Figure 2a, arrow and arrowhead) . We also observed weak staining of 5mC between the chromocenters of the cell nuclei. The 5hmC signal was strongly present in the cell nuclei except for the chromocenters (Figure 2b) . We found more nuclei are stained with 5mC and 5hmC in inner neuroblast layer (INBL) (Figure 2c , dotted line)
In P15 retina, we found strong staining of 5mC and 5hmC in outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) (Figure 3) . In ONL (rod photoreceptors), the 5mC signal was present in the chromocenters of the cell nuclei and nuclear periphery (Figures  3a-3c, 3g) . The 5hmC signal was found in the whole cell nuclei except for the chromocenters (Figures 3d-3f) . The transmission electron microscopy done on P15 retina shows distribution of heterochromatic domains in rod cell nuclei similar to that found with 5mC antibody signal (Figures 3h and 3i) .
The 5mC staining in INL and GCL was strong in the chromocenters of the cell nuclei and weak staining was also observed in whole cell nuclei (Figures 3j-3l and 3r-3t) . In contrast to 5mC, the 5hmC signal was localized to the whole cell nuclei except for the chromocenters in INL and GCL (Figures 3m-3o and 3u-3w) . We observed strong 5hmC signal on the periphery of GCL cell nuclei.
In adult rod photoreceptors, the 5mC signal was restricted to the chromocenter and nuclear periphery of the cell nuclei (Figures 4a-4c ) while 5hmc signal was confined to the nuclear periphery (Figures 4d-4f) . 
Discussion
DNA methylation and hydroxymethylation are dynamic and reversible DNA modifications, which modulatethe diverse range of biological mechanisms in a developing as well as in postmitotic cells. Here, we describe a reproducible technique for detecting 5mC and 5hmC DNA modifications in situ by immunohistochemical technique (using anti-5mC and anti-5hmC antibodies) in paraformaldehyde-fixed frozen sections of mouse retina, and provide guidelines for improving and standardizing the results, especially when comparing several different specimens. We earlier used this method to delineate 5mC changes in mouse retina with retina-specific targeting of Dnmt1, Dnmt3a and Dnmt3b DNA methyltransferase genes, and reported the (expected) depletion of 5mC marks in their retinas 7 .
The critical step in 5mC immunohistochemical detection is optimization of treatment of histological sections with HCl: less than 15 min pretreatment is not expected to produce reproducible results, whereas excessive treatment with HCl destroys the nuclear architecture. We found best result after 30 min incubation with HCl. We recommend to always use freshly diluted HCl and freshly made 4% PFA solution for DNA denaturation and retinal tissue fixation.
To troubleshoot the results, we recommend to include three to four biological replicates while optimizing 5mC signal. While each individual set of immunohistochemical staining may generate slightly different results (more or less bright heterochromatic regions), which is expected in immunohistochemical method, the 5mC and 5hmC nuclear distribution within the individual set of sections is expected to be very reproducible, for as long as the protocol is followed.
This technique also has limitation as we consistently observed variability in 5mC distribution in the photoreceptor cell nuclei within the same section. We found some nuclei showed strong 5mC signal while adjacent cell nuclei showed no 5mC signal. This is due to limitation in unmasking 5mC antigen by HCl treatment in frozen sections.
The significance of this technique enables 5mC localization without DNase and proteinase K treatment leading to better preservation of chromocenters. This technique is expected to work robustly on any sections from all vertebrate animal tissues, carrying 5mC, 5hmC marks, and processed with a similar approach, not only mouse retina, for as long as the protocol is followed.
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